Abstract-Aiming at the applications in wireless smart homes, a wireless charging system based on LCL topology is designed. Moreover, the constant-current (CC) output of the system is realized according to the charging characteristics of lithium batteries. On this basis, a charging strategy is proposed, which is able to identify load characteristics and take corresponding actions after the access of loads in smart homes to the system, and can guarantee the safety of the loads in power supply process. Finally, an experimental prototype of the system was established to wirelessly charge the lithium battery with a nominal voltage of 7.4 V and verify the validity of the proposed charging strategy for protecting the system when illegal loads were connected in the system.
INTRODUCTION
Research on the wireless power transfer (WPT) technology has never stopped ever since the proposal of the technology. Compared with traditional wire power transfer approaches, WPT has many advantages, such as being more flexible, safe, and reliable. It avoids potential safety hazards such as electric sparks of wired connection [1] [2] [3] [4] . Characterized by these advantages, the WPT technology has been widely used in smart homes. At present, many smart homes are powered by lithium batteries, the whole charging process of which has two phases: CC charging and constant-voltage (CV) charging processes [5] .
In general, to realize the control over the CC and CV charging of lithium batteries, a specific direct current (DC) CV/CC conversion circuit needs to be designed [6] [7] . For example, CV power supply is provided for handheld devices by adding DC converters in the secondary side of the wireless charging system in previous research [6] . Existing studies also found that resonant WPT systems have inherent CC characteristics under specific topological structures and frequencies. If the topological structures of WPT systems can be used to realize the CC charging of lithium batteries, it is of great significance for reducing the complexity of the back-end circuits of the systems.
Meanwhile, to guarantee the operation safety of wireless smart home systems, corresponding protections need to be designed for the systems. As the transmission characteristics of WPT systems are related to the system loads (batteries), the random access of batteries of different voltage classes is disadvantage for the safe operation of wireless systems with given parameters. If we can detect the properties and sizes of loads after the loads are connected to the system and then control the system on this basis, the safety of the system can be improved. Aiming at the problem, an effective identification method for loads was put forward in previous study [8] . The method allows one to detect the sizes and properties of loads connected to the systems by means of the energy injection mode and the free harmonic vibration mode.
Based on wireless smart home systems, the research designs a wireless charging system. The LCL compensation network is always in the primary side of the system. By reasonably designing the compensation network in the primary side, the LCL-LCL wireless system is formed, which is used for controlling the CC charging of lithium batteries. Then, a charging strategy of the system is proposed based on the reflection and impedance characteristics of the system. The charging strategy enables the system to identify illegal loads and improves the safety of the system. Finally, an experimental prototype of the system was built to carry out wireless charging of the lithium battery with a nominal voltage of 7.4 V and verify the validity of the proposed charging strategy after the access of illegal loads to the system.
II. DESIGN OF THE WIRELESS CHARGING SYSTEM
When factors including the internal resistance are ignored, the schematic diagram of the ideal LCL circuit is illustrated in Figure I , where Uin represents the input power, LX and Lp denote inductances, CP refers to compensating capacitor, and Z represents equivalent load. Let the parameters LX=Lp and ω0=sqrt(1/LpCP), the current iLp flowing through the load Z is Uin/(jω0LP) when the system works at the resonant angular frequency ω0. To endow the loads in the receiving side with the CC output characteristics, it is necessary to further design the topological structure in the receiving side. According to the connection mode of coils and capacitors, the authors design the LCL topology for the receiving side, as illustrated in Figure II . In the figure, Uin represents a high-frequency alternating current (AC) power source, L X and L Y are the inductances of the compensating inductor, C p and C S denote the capacitances of the compensating capacitor, L P and L S represent the inductances of the transmit and the receiving coils, M refers to the mutual inductance between the transmit and receiving coils. A microprocessor MCU1 is placed in the primary side of the system to control the value of the input voltage Uin by detecting the effective value of the voltages of the compensating capacitor in the primary side. A switch S 4 is set in the secondary side to protect the system and controlled by the microprocessor MCU2.
EQUIVALENT CIRCUIT DIAGRAM OF THE WIRELESS CHARGING SYSTEM Let the inductances be LX=LY=LP=LS=L, the capacitances be Cp=CS=C, and the working angular frequency be ω=sqrt(1/LC) in the system. While analyzing the output characteristics of the system in the section, it is assumed that the system works normally and the switch S4 is closed. In this way, a connection mode based on LCL-LCL topology is formed in the primary and secondary sides of the system. Then, the current ILp flowing through the transmit coil is
Obviously, the value of ILp is merely related to the parameters in the primary side. According to the theory of mutual inductance, it is equivalent to introduce a constant controlled voltage source jωMILp in the primary side of the system. In accordance with the calculation, it can be found that the current Imn flowing before the rectifier is
It can be seen that the current before the rectifier is not related to the size and properties of the loads. The following current relation before and after the rectifier can be obtained:
Then, it can be learnt from Formulae (2) and (3) that based on the LCL-LCL topology, the current flowing through the battery is
Apparently, the charging current of the battery does not change after the parameters of the system are set. It means that the system achieves CC output in the connection mode based on LCL-LCL topology.
III. CHARGING STRATEGY OF THE SYSTEM
While WPT technology is applied to charge batteries, WPT systems need to be designed with different parameters for different batteries. In other words, a designed WPT system can merely charge specific type of batteries. Other types of batteries cannot enter the system optionally. It is stipulated that in the wireless charging system in Figure II built according to the actual charging demand of batteries, the corresponding batteries are legal loads while other loads whose nominal voltages are different with the legal loads are illegal loads. As the nominal voltage of illegal loads has disparities with that of the legal loads and different batteries have dissimilar bearable charging currents, the access of illegal loads can probably damage the batteries. Therefore, it is necessary to analyze the protection of the loads after illegal loads enter a WPT system. Suppose that for a lithium battery, its nominal voltage is U bat.n , the voltage of the fully charged battery is U bat.s , the minimum voltage in under-voltage state is U bat,u , and the charging current of the battery during CC charging is I bat,p . The external circuit of the lithium battery can be regarded as linking a DC power source in the two sides of the battery at any moment during the charging, and its voltage is the voltage Ubat of the battery and the charging current is Ibat. Therefore, the external circuit of the battery can be equivalent to a varying resistance Rbat,eq=Ubat/Ibat. Figure II , the voltage of the power source in the primary side of the system is controlled by MCU1 which controls the switch of the power source between two working conditions: one is the normal working state, in which the output voltage of the inverter is U in ; and the other is standby state, in which the output voltage of the inverter is U in,s , and U in,s <<U in . According to Formula (4), as the power source in the two states has different voltages, the charging current of the battery also changes in the system based on LCL-LCL topology. Therein, the charging current of the battery in normal working state is I bat,p .
As shown in
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In the standby state, the charging current is Ibat,s.
On the basis of the above analysis, the identification of illegal loads and the protection measures for the system are shown as follows: 1) When no battery enters the system, the system is in the standby state and the output of the inverter is Uin,s. Under the condition, all of the switches in Figure I are turned off and the voltage in two sides of the compensating capacitor Cp is Uin,s.
2) When there is battery connected to the system, the secondary side of the system detects the voltage U bat in two sides of the battery. If the voltage satisfies U bat,u <U bat <U bat,s
then the secondary side believes that the battery entering the system is a legal load and the S1 is turned on under the control of MCU2. Under the condition, the system forms a LCL-LCL topology. The information of the primary side is independent to that of the secondary side, and the primary side identifies the load in the system by detecting the voltage in the two sides of the compensating capacitor Cp in real time. Then the relation between the equivalent resistances before and after the known rectifier is 
Where R mn =Umn/Imn. Based on this, it is obtained that the voltage in the two sides of the compensating capacitor C p and the load has the following relation in the LCL-LCL topology: 2 2 (1 / ( ))
Then, the relation between the effective value of the voltage in the two sides of the compensating capacitor C p and the load is (1
Formula (8) 
then the primary side regards the battery as a legal load. Afterwards, the power source is switched to the normal working voltage Uin under the control of MCU1, turning the system to the normal working state.
3) If the battery entering the system is detected as an illegal load, the voltage in the two sides of the battery detected by the primary side of the system does not meet Formula (7), then the switch in the secondary side is turned off under the control of the MCU2. Under the condition, the capacitor voltage detected by the primary side of the system is still
Under the control of MCU1, the output voltage of the inverter is still the standby voltage U in,s , that is, the system is still in the standby state.
IV. EXPERIMENTAL VERIFICATION
To verify the validity of the proposed charging strategy for batteries, the research took a lithium battery with a nominal voltage of U bat,n =7.4 V as the charging object. After being fully charged, the battery has an open-circuit voltage of U bat,s =8.4 V. Let the charging current of the lithium battery in CC charging mode be I bat,p =1 A. Based on the above charging parameters of the battery, the authors established the experimental prototype, and the parameters of the system are displayed in Table I . After building the system, the lithium battery became a legal load of the system. In the experimental prototype, the transmit and receiving coils of 12 turns were winded using Litz wires of 1.5 mm wide, and the spacing between them was 3 cm. The bridge inverter circuit was taken for the inverter and the bridge driving chip UCC3895 was used to drive four IRFP460 MOS tubes. In the standby state, the input voltage U in,s of the system was 1 V, while the input voltage U in in the normal working state was 36.5 V. After the accesses of the legal load to the system, the S1 was turned on under the control of MCU2. In this way, the
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system formed a LCL-LCL topology allowing the CC output and the MCU1 adjusted the input voltage of the system to 36.5 V, so that the system can normally charge the lithium battery. Figure III shows the changes of the charging current and voltage of the battery when the system charges the legal load. According to the above analysis relating the charging strategy of the system, all of the switches in the system were turned off before the access of the battery, the voltage of the power source was the standby voltage, and the voltage of the compensating capacitor UCp was equal to that of the power source. After the access of the legal load to the system, the switch S1 was turned on, and UCp should meet Formula (13). If the battery connected to the system was an illegal load, the switch in the secondary side was still turned off and UCp still equaled the standby voltage of the power source. To verify whether Formula (13) is able to identify illegal loads in the system, four groups of lithium batteries of different voltage classes were used in the experiment. The switch S1 was turned on to measure the voltage UCp in the two sides of the compensating capacitor Cp after the access of different batteries to the system with same parameters.
The nominal voltages of the batteries connected to the system were 7.4 V, 3.7 V, 11.1 V, and 14.8 V in the A, B, C, and D groups of experiments, respectively. Among them, the battery in the A group was the legal load corresponding to the system. For a lithium battery with a nominal voltage of 7.4 V, its voltage changes in the range of 7~8.4 V, that is, Ubat,u=7 V and Ubat,s=8.4 V. According to Formula (10), when the voltage of the power source of the system was the standby voltage Uin,s, the output current of the system in CC mode was Ibat,s=0.028 A. Then, the authors defined the detection range of legal loads based on Formula (13). That is, when the voltage UCp of the compensating capacitor in the primary side of the system was detected to satisfy Formula (13), the primary side judged that the battery was a legal load. According to the data in Table I , the voltages of the compensating capacitor need to meet 1.65<UCp<1.87 when the battery entering the system is a legal load through calculation. Figure IV displays the detected voltages of the compensating capacitor after the access of the four groups of batteries to the system when the S1 was switched on. In the A group of experiment, the battery connected to the system had an open-circuit voltage of 7.2 V, and it was detected that UCp=1.69 V, which fell into the detection range of legal loads. Therefore, the battery was judged as a legal load. In the B group of experiment, the open-circuit voltage of the battery was 4 V and UCp=1.25 V, which did not satisfy Formula (13), so the system judged that the battery was an illegal load. Similarly, in the C and D groups of experiment, the voltages of the compensating capacitor were measured to be 2.46 V and 2.98 V, also not meeting Formula (13). Therefore, the system judged that the two batteries were also illegal loads. The comparison between the judgment results of the system and the real conditions of the batteries shows that the designed charging strategy can accurately identify the properties of batteries in the system and thereby improves the safety of the system.
V. CONCLUSIONS
The research put forwards the LCL-LCL topology that can realize the CC output by investigating the output characteristics of the WPT systems with different compensation topological structures. Then, the above topology is applied to the wireless charging of lithium batteries. Based on the above analysis, the authors design the wireless charging system allowing CC charging and propose the charging strategy of wireless charging systems combining the charging characteristics of lithium batteries. The charging strategy not only can guarantee the CC charging of lithium batteries, but also can identify illegal loads in the system and make corresponding responses, thus improving the safety of the system. Finally, the experimental prototype of the system was built to charge the lithium battery with a nominal voltage of 7.4 V wirelessly. Meanwhile, it is verified that the system can accurately identify illegal loads when they enter the system.
